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Juan López-Moreno11

1NASA Goddard Space Flight Center
2Space Science Institute
3Royal Belgian Institute for Space Aeronomy BIRA-IASB
4The Open University
5Belgian Institute for Space Aeronomy (BIRA-IASB)
6Royal Belgian Institute for Space Aeronomy
7Belgian Institute for Space Aeronomy
8Open University
9Belgian Institute For Space Aeronomy
10Institute for Space Astrophysics and Planetology
11Instituto de Astrofisica de Andalucia, IAA-CSIC

November 21, 2022

Abstract

Solar occultations performed by the Nadir and Occultation for MArs Discovery (NOMAD) ultraviolet and visible spectrometer

(UVIS) onboard the ExoMars Trace Gas Orbiter (TGO) have provided a comprehensive mapping of ozone density, describing

the seasonal and spatial distribution of atmospheric ozone in detail. The observations presented here extend over a full Mars

year between April 2018 at the beginning of the TGO science operations during late northern summer on Mars (Ls = 163°) and

March 2020. UVIS provided transmittance spectra of the martian atmosphere in the 200 - 650 nm wavelength range, allowing

measurements of the vertical distribution of the ozone density using its Hartley absorption band (200 – 300 nm). Our findings

indicate the presence of (1) a high-altitude peak of ozone between 40 and 60 km in altitude over the north polar latitudes for

over 45 % of the martian year, particularly during mid-northern spring, late northern summer-early southern spring, and late

southern summer, and (2) a second, but more prominent, high-altitude ozone peak in the south polar latitudes, lasting for

over 60 % of the year including the southern autumn and winter seasons. When they are present, both high-altitude peaks are

observed in the sunrise and sunset occultations, indicating that the layers could persist during the day. Model results from the

GEM-Mars General Circulation predicts the general behavior of the high-altitude peaks of ozone observed by UVIS and are

used in an attempt to further our understanding of the chemical processes controlling the high-altitude ozone on Mars.
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Key Points: 
 

• We provide the detection of a high-altitude peak of ozone between 40 and 60 km 
in altitude over the north polar latitudes of Mars.  

• We confirm the presence of a previously detected, more prominent high-altitude 
ozone peak in the south polar latitudes. 

• Both high-altitude peaks are observed in the sunrise and sunset occultations, 
indicating that the layers could persist during the day. 
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Abstract 1 
 2 

Solar occultations performed by the Nadir and Occultation for MArs Discovery (NOMAD) 3 
ultraviolet and visible spectrometer (UVIS) onboard the ExoMars Trace Gas Orbiter (TGO) have 4 
provided a comprehensive mapping of ozone density, describing the seasonal and spatial 5 
distribution of atmospheric ozone in detail. The observations presented here extend over a full 6 
Mars year between April 2018 at the beginning of the TGO science operations during late northern 7 
summer on Mars (Ls = 163°) and March 2020. UVIS provided transmittance spectra of the martian 8 
atmosphere in the 200 - 650 nm wavelength range, allowing measurements of the vertical 9 
distribution of the ozone density using its Hartley absorption band (200 – 300 nm). Our findings 10 
indicate the presence of (1) a high-altitude peak of ozone between 40 and 60 km in altitude over 11 
the north polar latitudes for over 45 % of the martian year, particularly during mid-northern spring, 12 
late northern summer-early southern spring, and late southern summer, and (2) a second, but more 13 
prominent, high-altitude ozone peak in the south polar latitudes, lasting for over 60 % of the year 14 
including the southern autumn and winter seasons. When they are present, both high-altitude peaks 15 
are observed in the sunrise and sunset occultations, indicating that the layers could persist during 16 
the day.  Model results from the GEM-Mars General Circulation predicts the general behavior of 17 
the high-altitude peaks of ozone observed by UVIS and are used in an attempt to further our 18 
understanding of the chemical processes controlling the high-altitude ozone on Mars. 19 
 20 
 21 
1.  Introduction 22 
 23 

The presence of ozone (O3) in the martian atmosphere has been observed since it was first 24 
detected by the ultraviolet spectrometer experiments on the 1969 and 1971 Mariner flyby missions 25 
(Barth and Hord, 1971; Barth et al., 1972; 1973). Ozone is sensitive to changes in the incoming 26 
solar ultraviolet (UV) flux on the planet. It is mainly formed by the three-body reaction involving 27 
molecular (O2) and atomic oxygen (O) that are byproducts of the photolysis of CO2, the main 28 
atmospheric constituent on Mars (molar fraction ~ 95%). In the opposite direction, ultraviolet 29 
radiation during the day destroys O3 back to O, O2 and O2(1∆g). The abundance of ozone is 30 
regulated locally by the presence of the odd hydrogen species (H, OH and HO2) produced by the 31 
photolysis of water vapor (H2O). The odd hydrogen species play a major role in regenerating the 32 
photo-dissociated CO2 in the upper atmosphere, therefore helping to stabilize the martian 33 
atmosphere (e.g., Lefèvre at al., 2004; Perrier et al., 2006).  34 

 35 
The periodic monitoring of O3 on Mars includes observations from the ground and from 36 

space using flyby missions, Mars orbiting satellites, and space telescopes. Due to the presence of 37 
telluric O3 that renders the terrestrial atmosphere opaque, ground-based observations have used 38 
heterodyne infrared spectroscopy to measure total column abundances of O3 from its Doppler-39 
shifted absorption lines around 9.7 µm (Espenak et al., 1991; Fast et al., 2006). The observations 40 
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provided a confirmation of the odd hydrogen activity that predicts anticorrelation of ozone and 41 
water vapor abundances (e.g., Clancy & Nair, 1996; Clancy et al., 2016). Indirect observations of 42 
O3 from the ground (Noxon et al., 1976; Novak et al., 2002) targeted the O2(1∆g) produced by the 43 
photolysis of ozone, as it is characterized by an emission band system around 1.27 µm tracing the 44 
presence and abundance of ozone in the middle atmosphere (~ 25 km). 45 

 46 
Space-based observations of Mars include UV observations of the Hartley band (200 – 300 47 

nm) of ozone by the Faint Object Spectrograph onboard the Hubble Space Telescope at Ls = 63.5° 48 
during Mars’ late northern spring (Clancy et al., 1996). The measurements show low-latitude O3 49 
abundances that are significantly elevated (≥ 100 %) compared to the ones taken during northern 50 
fall (Ls = 208°) by Espenak et al. (1991). This large increase is consistent with photochemical 51 
models due to large annual variations in the photochemistry on Mars (Clancy & Nair, 1996). 52 

 53 
Global distributions of ozone column abundance were made possible using continuous UV 54 

observations of Mars by the Mars Reconnaissance Orbiter (Clancy et al., 2016) and Mars Express 55 
(Perrier et al., 2006). The Mars Color Imager (MARCI) on MRO included a pair of UV imaging 56 
channels centered within (260 nm) and outside (320 nm) the O3 Hartley band (Malin et al., 2001; 57 
2008). This imaging system allowed daytime (local time of 3 PM) measurements of the total 58 
column abundance of O3 using its absorption against the solar UV radiation reflected from the 59 
surface of Mars and atmospheric scattering. The observations by Clancy et al. (2016) provided 60 
daily global mapping of ozone between Mars Year (MY) 28 and MY 32, showing elevated 61 
abundances at high northern and southern latitudes over the fall-winter-spring seasons, as well as 62 
at low latitudes around Mars aphelion (Ls = 71°).  63 
 64 

Dayside observations with UV spectroscopy by the Spectroscopy for the Investigation of 65 
the Characteristics of the Atmosphere of Mars (SPICAM) instrument onboard Mars Express also 66 
provided distribution of the total column concentration of O3 from nadir spectra in the 110 – 320 67 
nm range (Perrier et al., 2006). The reported observations extended between January 2004 and 68 
April 2006, covering a full Mars year between Ls = 331° of MY 26 and Ls = 37° of MY 28. When 69 
compared to General Circulation Models (GCM, Lefèvre at al., 2004), the behavior of ozone is in 70 
good overall agreement showing high variability at the northern high latitudes around late winter-71 
early spring, and an increase in O3 around the equator during the aphelion season. However, GCM 72 
predictions underestimated the column abundance of O3 at high latitudes in both hemispheres 73 
during northern spring (southern autumn) when compared to the retrieved SPICAM values. 74 
Willame et al. (2018) tracked the seasonal evolution of the ozone column using SPICAM data 75 
between late MY 26 and the end of MY 30. Large ozone abundances were observed over the winter 76 
poles with the condensation of atmospheric water, also seen by previous observations including 77 
those by SPICAM (Perrier et al., 2006) and MARCI (Clancy et al., 2016).   78 
 79 
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The vertical distribution of ozone in the atmosphere is very diagnostic in delineating the 80 
role that photochemistry plays at the different levels in the atmosphere at various seasons. The 81 
earliest attempts to provide vertical profiles from solar occultations yielded the first detection of 82 
O3 in the middle atmosphere of Mars using the Phobos 2 spacecraft, with values nearing 108 83 
molecules/cm3 (Blamont et al., 1993). On the other hand, stellar occultations to retrieve vertical 84 
profiles and probe the evolution of ozone during nighttime on Mars were performed by SPICAM 85 
(Lebonnois et al., 2006). The observations covered latitudes between 30°S and 60°N during early 86 
northern spring (Ls= 8° - 50°) and autumn (Ls = 155° - 270°), and the southern hemisphere during 87 
southern autumn and winter (Ls= 20° and 155°).  88 

 89 
These nighttime observations from stellar occultations were limited in frequency and 90 

coverage but provided initial clues to the presence of a near-surface ozone layer below 30 km and 91 
a nocturnal layer in the altitude range 20 - 50 km, later confirmed by Lefèvre et al. (2007). The 92 
presence of ozone near the surface is expected due to solar UV radiation screening by CO2 which 93 
limits the solar UV radiation that photolyzes O3 and inhibits the presence of the hydroxyl radicals 94 
(HOx) produced by H2O photolysis (e.g., Daerden et al., 2019). The ozone enhancement peaks in 95 
the dry polar winter regions where atmospheric water vapor is suppressed near the ground (e.g., 96 
Lefèvre at al., 2004; Daerden et al., 2019). The ozone layer between 20 and 50 km is expected to 97 
form at night after the removal of O3 by the solar UV radiation during the day, and then its re-98 
generation after sunset (Lebonnois et al., 2006). The results from SPICAM show an increase in 99 
the O3 abundance in the nocturnal layer before Ls= 40° around mid and low latitudes, reaching 100 
peak abundances 6–9 × 109 molecules/cm3 around altitude 40 km, before dissipating by Ls= 130°. 101 
However, these stellar occultations were limited to nighttime, and the solar occultation 102 
observations presented here are needed to track the evolution of this layer. 103 

 104 
Three-dimensional photochemistry models have been used to investigate the behavior of 105 

the vertical distribution of ozone (Montmessin & Lefèvre, 2013; Daerden et al., 2019). In 106 
particular, Montmessin & Lefèvre (2013) discussed the ozone enhancement seen by earlier 107 
analyses of the SPICAM data (Lebonnois et al., 2006) that appeared at 50 km in the southern 108 
hemisphere above the winter pole, with no apparent counterpart over the north pole. They showed 109 
that the O3 formation process is more efficient in the south where oxygen-rich air is largely 110 
transported from sunlit regions all the way to the polar regions, leading to the formation of ozone 111 
at night when oxygen atoms recombine.  112 

 113 
However, Daerden et al. (2019) have more recently presented a more complete picture of 114 

the vertical distribution of O3 on Mars using the GEM-Mars general circulation model (GEM-115 
Mars), which predicts the formation of a high-altitude layer of O3 at 40 - 60 km in altitude between 116 
60°N and 90°N, lasting between Ls= 170° and Ls= 30° of the following year, with minimum 117 
abundances in O3 reached at Ls= 270°.  118 
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The existence of ozone datasets that encompass the full seasonal cycle, as well as more 119 
complete latitudinal and vertical coverage, would be extremely valuable for understanding 120 
photochemistry in the martian atmosphere and for further improving the existing photochemical 121 
models. In this work we take advantage of the ExoMars Trace Gas Orbiter NOMAD/UVIS solar 122 
occultation observations for a full Mars year to focus on characterization of the high-altitude peak 123 
of ozone, tracking its latitudinal, vertical, local time (LT), and seasonal dependencies. This work 124 
is undertaken in parallel to a companion study performed using the same observations from the 125 
NOMAD/UVIS instrument (Patel et al., this issue). A comparison of the results from the two 126 
studies is provided in the supplementary material, showing that both datasets are in general 127 
agreement (Figs. S1-S2).  128 

 129 
In Section 2, we describe the NOMAD instrument, the solar occultation observations used 130 

in this work, and we present the transmittance spectra at various altitudes in the martian atmosphere 131 
showing the Hartley band absorption of ozone. In Section 3 we provide details on the retrieval 132 
process that derives vertical density profiles of O3 from line-of-sight opacities through the 133 
atmosphere and we explain the error analysis in the retrieval process. In section 4 we describe the 134 
GEM-Mars model. The retrieval results tracking the presence of the high-altitude peak of ozone 135 
and their comparison with GEM-Mars model outputs are presented in Section 5, and we finally 136 
discuss and summarize the findings of this work in Section 6. 137 
 138 
2.  Data Set: Spacecraft, instrument and observations 139 
 140 
2.1.  NOMAD Instrument 141 
 142 

The ExoMars Trace Gas Orbiter (TGO) has been returning data from Mars since April 21, 143 
2018. The spacecraft is in a near-circular orbit with an inclination of 74°, orbiting Mars every ~2 144 
hours at an average distance of 400 km from the surface of the planet with a precessing orbit that 145 
covers different local times (Vandaele et al., 2018). The Nadir and Occultation for MArs Discovery 146 
(NOMAD) is a spectrometer suite onboard TGO, providing observations in the nadir, limb, and 147 
solar occultation (SO) modes.  148 

 149 
The wavelength coverage of NOMAD is in the near-infrared range with the SO 150 

spectrometer (2.3 µm – 4.3 µm) and the Limb Nadir Solar Occultation (LNO, 2.3 µm – 3.8 µm). 151 
It also covers portions of the ultraviolet-visible range with the ultraviolet and visible spectrometer 152 
UVIS between 200 nm and 650 nm (Patel et al., 2017).  153 
 154 

UVIS is a single spectrometer unit within NOMAD that is capable of receiving light from 155 
two separate telescopes, one for the nadir mode and another for the solar occultation mode where 156 
the incoming light is directed using a periscope (Patel et al., 2017). This dual-telescope setup then 157 
feeds light via a selection mechanism into a single spectrometer that provides a spectral resolution 158 
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of Δλ = 1.2 – 1.6 nm in the registered spectrum on a detector array of 1024 × 256 pixels. The field 159 
of view (FOV) of UVIS is a circular aperture covering 2 arcminutes in the sky. A more detailed 160 
description of the design and performance of UVIS can be found in Vandaele et al (2015) and 161 
Patel et al (2017).    162 
 163 
2.2 UVIS solar occultation observations  164 
 165 

The solar occultation observations covered in this study extend over a full Mars year (687 166 
Earth days) from MY 34 at Ls = 163° to MY 35 at the same Ls, corresponding to April 21, 2018 167 
and March 9, 2020, respectively. These solar occultations cover latitudes between 89 °N and 84 168 
°S, with ~4100 observations in total. The seasonal coverage for the full Mars year at the different 169 
latitudes and local times is shown in Figure 1. The beginning of the observations corresponds to 170 
the middle of the plot at Ls = 163° and extends to Ls = 360° at the end of MY 34, whereas Ls = 0° 171 
- 163° belongs to following MY 35. 172 

 173 

 174 
 175 

Figure 1. The seasonal (Ls), latitudinal, and local time distribution of the UVIS observations used in 176 
this work. The middle of the plot at Ls = 163° corresponds to the beginning of the observations on April 22, 177 
2018 in MY 34. The gaps in the observations are mostly due to the orbital configuration that doesn’t allow 178 
solar occultations when UVIS is pointed directly to the sun during an entire TGO orbit. Most of the local 179 
times covered during the occultations are before LT 10:00 h and after 18:00 h. We made use of observations 180 
to retrieve the vertical distribution of atmospheric ozone on Mars for a full Martian year at a vertical 181 
resolution < 1km. 182 

 183 
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The atmosphere is typically sampled up to twice during each orbit at the ingress (sunset) and 184 
egress (sunrise) configurations from the surface up to 200 km in altitude at vertical resolutions < 185 
1 km. However, the orbital inclination of TGO does not allow solar occultations to be continuously 186 
performed when the “beta” angle between the orbital plane of the spacecraft and the vector 187 
pointing towards the sun exceeds 67° (Vandaele et al., 2018). This angle defines how frequently 188 
the different latitudes on Mars are being sounded by UVIS. In this study, 20% of the observations 189 
cover the equatorial latitudes ± 30°, 45% cover the mid-latitudes 30 °N - 60 °N and 30 °S - 60 °S, 190 
and 35% cover latitudes poleward of 60 °N and 60 °S. 191 
 192 

As the spacecraft passes behind the planet during an ingress and reemerges during egress, the 193 
solar radiance is attenuated by the atmosphere along the instrument’s line-of-sight, therefore 194 
providing information on the atmospheric composition at different altitudes. 195 

 196 
 197 
2.3 UVIS solar occultation spectra 198 
 199 

Figure 2 represents typical solar occultation spectra at different tangent altitudes, spanning the 200 
range from the surface of Mars to the top of the atmosphere (i.e., where the transmittance is unity). 201 
These data are taken from the region of UVIS wavelength range used for the work we present here, 202 
i.e., between 220 nm and 370 nm.  203 

 204 

 205 
 206 
Figure 2. Typical UVIS atmospheric transmittance spectra from solar occultation observation 207 

20180503_012553_1p0b_UVIS_E taken on May 3, 2018 around the beginning of the TGO science phase 208 
at Ls = 169° at mean occultation latitude 74.9 °N and mean longitude -87.1 °E, spanning LT = 19.0 and 209 
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19.3 h. A reference solar spectrum is taken outside the atmosphere, and the transmittance spectra are 210 
obtained by ratioing the solar occultation spectra to the reference spectrum. As indicated by the color bar, 211 
high transmittance spectra belong to the upper parts of the atmosphere whereas low transmittance spectra 212 
belong to the lower parts close to the surface of Mars indicating more atmospheric absorption. The 213 
prominent absorption that is centered around 250 nm belongs to the ozone Hartley band, used to retrieve 214 
the abundance of O3.   215 
 216 

Each transmittance spectrum is obtained by dividing the solar radiation through the martian 217 
atmosphere as received at UVIS by the solar irradiance at UVIS of a reference spectrum outside 218 
the atmosphere. The spectra in the observations were taken around late northern spring (Ls = 169°) 219 
above northern latitudes between 71.3 °N and 78.5 °N and longitudes between -91.0 °E and -81.9 220 
°E, between LT= 19.0 h and 19.3 h. The transmittance spectra clearly show the presence of the 221 
Hartley absorption band of O3 at 250 nm (220 nm – 300 nm), and the overall continuum level set 222 
by the absorption of suspended dust aerosols in the martian atmosphere. The atmospheric opacity, 223 
typically dominated by dust aerosols, increasingly attenuates the signal at the lowest altitudes 224 
before the signal is completely lost close to the surface. The signal-to-noise ratio (SNR) in the 225 
spectra follows the transmittance. In the continuum around 300 – 330 nm outside the O3 band, the 226 
measured SNR varies between ~ 750 at 65 km down to ~ 140 at 20 km. We made use of such 227 
observations to provide the seasonal distribution of the vertical abundance of atmospheric O3 228 
across Mars. 229 

 230 
3.  Ozone retrieval process 231 
 232 
3.1 Retrieval algorithm  233 
 234 

During a solar occultation, UVIS measures the solar radiance after being modified by 235 
extinction from the martian atmosphere along the line-of-sight (LOS): 236 

 237 
 𝐼!(𝑈𝑉𝐼𝑆) = 𝐼!(𝑠𝑜𝑙𝑎𝑟) × 𝑇!.     (1) 238 
 239 

where 𝐼!(𝑈𝑉𝐼𝑆)  is the measured intensity at UVIS at wavelength λ, 𝐼!(𝑠𝑜𝑙𝑎𝑟)  is the solar 240 
irradiance at top of the atmosphere, 𝑇! = 𝑒"#! is the transmittance (Fig. 2), and 𝜏! is the integrated 241 
optical depth along the atmospheric slant path at each tangent altitude above the areoid of Mars.  242 

 243 
The transmittance spectra in the UVIS wavelength coverage longward of 200 nm are 244 

mostly impacted by O3 and aerosol optical depths, as absorption from CO2, the main atmospheric 245 
constituent in the martian atmosphere becomes negligible above 180 nm (Perrier et al., 2006). The 246 
slant optical depth of O3 can be expressed as: 247 

 248 
 𝜏!
$" =	∫ 𝑛$" × 𝜎!

$" × 	𝑑𝑠,     (2) 249 
 250 

where 𝑛$"is the number density of ozone (molecules/cm3), 𝜎!
$" (cm2/molecule) is the wavelength-251 

dependent absorption cross section of the Hartley band (Sander et al., 2011), and ds is the 252 
increment in the atmospheric path length (cm).  253 

 254 
Figure 3 (left panel) shows the occultation spectra in opacity space 𝜏! =	−ln	(𝑇!) for the 255 
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same observation in Fig. 2 with an upper limit 𝜏!  = 4.6 (or 𝑇!  > 0.01) that is specified in the 256 
retrieval process. This limit is set where the transmittance (and the corresponding SNR) become 257 
too small to be useful for the retrieval of ozone. The lowest altitude in the retrieval process is 258 
defined at this opacity boundary. 259 
 260 
 261 

 262 
 263 
 264 
 265 

Figure 3. Left panel: A portion of typical UVIS spectra from observation 266 
20180503_012553_1p0b_UVIS_E shown in Fig. 2. The spectra are shown in optical depth space (𝜏 =267 
−𝑙𝑛[𝑇!]). The spectral feature caused by the O3 Hartley band centered around 250 nm is shown. The portion 268 
used in the retrieval is between 240 and 330 nm and the best fit computed spectrum (black) are compared 269 
against the UVIS observation (red). Right panel: The retrieved vertical distribution of ozone density as 270 
retrieved from the spectra in the left panel. Retrieved values for O3 at tangent altitudes 20 km and 56 km 271 
are 3×109 and 2×107 molecules/cm3, respectively. 272 
 273 

In order to retrieve the vertical distribution of ozone in the atmosphere using optical depths 274 
along the LOS at each tangent altitude, we applied the classical “onion peeling” inversion method 275 
(Goldman & Saunders, 1979). The two-stage process begins with fitting the wavelength dependent 276 
optical depth between 240 nm and 330 nm at each tangent altitude using the following equation: 277 

 278 
 𝜏! = (𝐴 × 𝜆) + 𝐵 + 𝐹	 ×	𝜎!

$"    (3)  (see Fig. 3).  279 
 280 
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The linear part of the equation corrects accounts for the contribution from the aerosol 281 
opacity that is approximated as being linear (coefficients A and B) over this narrow wavelength 282 
range (e.g. Figure 6.22 of Wolff et al., 2017). The amplitude factor 𝐹 at each tangent altitude over 283 
the LOS is retrieved using the non-linear least square fitting algorithm, the Levenberg-Marquardt 284 
(Markwardt, 2009), by minimizing the residuals between the observed spectrum and the computed 285 
one from equation 3. After removing the aerosol contribution [(𝐴 × 𝜆) + 𝐵	] the opacity caused 286 
solely by ozone becomes: 287 

 288 
  𝜏!

$" = 𝐹	 ×	𝜎!
$".       (4) 289 

 290 
with the quantity 𝐹 representing the column abundance of ozone along the occultation line of sight. 291 
The uppermost layer in the retrieval process is set at the tangent altitude where the retrieved 292 
amplitude factor is negative (no ozone detected), and the lowest layer above the surface of Mars 293 
corresponds to the lowest altitude as defined by the upper boundary 𝜏!.   294 

 295 
The second stage of the retrieval process is to convert the retrieved line of sight abundance 296 

of ozone to a vertical profile for the number density (𝑛$")	of ozone using the onion peeling method. 297 
We treat the number density of O3 as constant within each layer, and is derived at the uppermost 298 
layer using the following equation (5): 𝑛$",& =	𝐹& (2𝑑𝑥&)⁄ , where 𝑑𝑥&  is half the path length 299 
within the layer. The number density in the atmospheric layer (i) is then calculated using the 300 
following equation (6): 301 

 302 

𝑛$",' =
(𝐹' 2⁄ ) − ∑ G𝑛$",$ × 𝑑𝑥(H	

'")
(*&

𝑑𝑥'
 303 

 304 
Where dxi is half the path length along the LOS in atmospheric layer (i). The bottom layer 305 

(i=N) is defined as the aforementioned lowest altitude. The retrieved vertical abundance profile 306 
for O3 from solar occultation observation 20180503_012553_1p0b_UVIS_E is shown in Figure 3 307 
(right panel). The retrieval process yielded ~154,000 successful retrievals from individual spectra, 308 
forming 4060 vertical profiles for a full Mars year. 309 
 310 
3.2 Error analysis  311 
 312 

The performance of the solar occultation channel UVIS was characterized by Vandaele et 313 
al. (2015) at several radiance scenarios in order to understand the sources of uncertainties in the 314 
UVIS spectra. The signal-to-noise ratio (SNR) followed closely the radiance that is limited by the 315 
attenuation from the atmosphere. 316 

 317 
The uncertainties in the retrieved number densities of O3 related to the instrumental noise 318 

are computed by propagating the error in the same fashion we applied the onion peeling method 319 
in section 3.1. After specifying the upper most layer in the retrieval, the error on the number density 320 
of ozone (𝛿𝑛$",&) is calculated in the following equation (7): 321 
 322 

 𝛿𝑛$",& =	 |𝛿𝐹&| (2𝑑𝑥&)⁄   323 
 324 
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where 𝛿𝐹&  is the 1𝜎  statistical error on the fitted parameter 𝐹&  that is computed from the 325 
covariance matrix during the Levenberg-Marquardt fitting mechanism. The error on the number 326 
density in the following (lower) layers (i=1→N) in the atmosphere (𝛿𝑛$",' ) is computed by 327 
propagating the errors in the following equation (8):  328 

 329 

𝛿𝑛$",' = KL
M𝛿𝐹'

+ 2+⁄ N + ∑ G𝛿𝑛$",$
+ × 𝑑𝑥(

+H	'")
(*&

𝑑𝑥'
+ O 330 

 331 
 Where 𝛿𝐹' is the error on the retrieved parameter from the opacity spectrum at level (i) in 332 

the atmosphere, and 𝛿𝑛$",$ is the error on the ozone number density from the previous (upper) 333 
layers. Equation (8) indicates that the error in the retrieved number density 𝛿𝑛$",' is a combination 334 
between the instrumental noise in the measured spectra at each tangent altitude and the quadratic 335 
sum of the errors on the previously computed ozone number density from the previous (upper) 336 
layers with corresponding half path length 𝑑𝑥(. 337 

 338 
4.  GEM-Mars model description 339 
 340 

The expected behavior of ozone in the martian atmosphere can be simulated in General 341 
Circulation Models (GCM) with additional routines for photochemical calculations (Lefèvre et al., 342 
2004; Daerden et al., 2019). For the comparison of our O3 retrievals, we use the GEM-Mars GCM 343 
(Neary and Daerden, 2018; Daerden et al., 2019). 344 
 345 

GEM-Mars is operated on a grid with a horizontal resolution of 4° × 4° and with 103 346 
vertical levels reaching from the surface to ~ 150 km. It calculates atmospheric heating and cooling 347 
rates by solar and infrared radiation through atmospheric CO2, dust and ice particles, and solves 348 
the primitive equations of atmospheric dynamics, using a time step of 30 s. The model simulates 349 
the evolution of dust, water vapor and water ice, CO2 and CO2 ice, and tracers for chemical 350 
composition. The chemistry routines in GEM-Mars calculate the photochemistry and gas-phase 351 
interactions of CO2, H2O and their photochemical products, including O3 (Daerden et al., 2019). 352 
Comparisons of total ozone columns to observations of MARCI were presented in Daerden et al. 353 
(2019) and showed a good correspondence throughout most of the martian year and across most 354 
latitudes. Deviations from the MARCI observations were attributed to imperfections in the 355 
simulation of the water cycle. GEM-Mars currently uses bulk condensation of water vapor onto 356 
monodisperse ice particles of predescribed radius. While this simple treatment results in a 357 
reasonable simulation of the water cycle when compared to e.g. Mars Reconnaissance Orbiter 358 
(MRO) Compact Reconnaissance and Imaging Spectrometer for Mars (CRISM) observations 359 
(Smith et al., 2018; Daerden et al., 2019), it may explain the deviations that still exist, although 360 
models with more sophisticated schemes show more or less similar biases (e.g. Navarro et al., 361 
2014; Shaposhnikov et al., 2018). 362 
 363 
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The NOMAD UVIS O3 solar occultation dataset now allows for a first detailed evaluation 364 
of the simulated vertical distribution of O3 in the model. In this paper we use a GEM-Mars 365 
simulation for generic conditions as presented in Daerden et al. (2019), with a self-consistently 366 
calculated dust distribution for an average non-global dust storm year. This has to be taken into 367 
account in the comparisons, as during the first year of NOMAD’s science operations, a global dust 368 
storm occurred. 369 
 370 
5. Results and discussion 371 
 372 
5.1 Vertical O3 profiles over polar latitudes  373 
 374 

The most recognizable trend pertaining to the seasonal distribution of ozone is that the 375 
highest abundances are observed over the winter poles (e.g., Barth and Hord, 1971; Perrier et al., 376 
2006; Clancy et al., 2016; Willame et al., 2018). Figure 4 shows the ozone vertical profiles as 377 
retrieved from ~27,000 spectra at selected seasonal bins over the north polar latitudes (60 °N – 378 
88.7 °N). The seasonal bins are selected based on the frequency of the NOMAD coverage and to 379 
combine similarly behaving profiles in each bin. This provides a clear understanding of the 380 
seasonal evolution of the vertical profiles. The main “surface” layer of ozone on Mars is confined 381 
below 30 km, but as stated in section 1, our focus throughout this study is the characterization and 382 
evolution of high-altitude peaks of ozone that form above 30 km.  383 

 384 
In the upper left corner of Figure 4 (Ls = 0 - 25°), we detect a high-altitude peak of ozone 385 

that is clearly visible in the altitude range 42 - 63 km, reaching its maximum intensity around 50 386 
km, with abundance values ranging between 𝑛$"= 2×107 and 1×108  molecules/cm3. As time 387 
progresses, the peak persists in its shape and altitude throughout early northern spring in the Ls= 388 
0° - 25° range. After Ls= 25°, we notice changes in the shape of the vertical profile where ozone 389 
densities around 40 km have increased, weakening the inflection in the profile that existed at that 390 
altitude, filling the minimum in ozone between the high-altitude peak of ozone and the surface 391 
layer. The high-altitude peak maintains high concentrations of ozone, but the average enhancement 392 
(× 2) of ozone density at around 35 km lowers the contrast between the ozone abundances at 35 393 
km and 50 km. After Ls= 45°, the high-altitude peak completely disappears, and the ozone density 394 
gradually decreases with height from 30 km to 70 km. In mid northern summer, a high-altitude but 395 
weaker peak re-emerges around 55 km, with ozone densities in the 8×106 - 4×107 molecules/cm3 396 
range, and this persists between Ls= 120° and 210°. The peak disappears again in early northern 397 
fall to mid northern winter (Ls= 210° - 330°), with lower values of ozone throughout the entire 398 
vertical range. The high-altitude peak re-emerges at the end of northern winter (Ls= 330° - 360°), 399 
with increasing densities at the peak between 107 and 108 molecules/cm3 at around 45 km in 400 
altitude. It persists for at least 45 % of the martian year.  401 

 402 
The vertical profiles from ~33,000 retrievals over the south polar latitudes (60 °S – 83.4 403 

°S) are shown in Figure 5. In the upper left corner, a high-altitude ozone peak appears at 45 km 404 
between Ls= 0° and 25°, simultaneously with the high-altitude peak of the northern polar latitudes, 405 
showing similar densities between 2×107 and 2×108 molecules/cm3. This high-altitude peak 406 
persists in location and intensity and location until Ls= 45°. Unlike its counterpart in the north, this 407 
high-altitude peak does not dissipate after Ls= 45°, but maintains high ozone densities over the 35 408 
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– 60 km altitude range between mid-southern fall and winter until Ls= 120°. The high-altitude peak 409 
completely disappears throughout southern spring until mid-southern summer (Ls= 330°). A newly 410 
formed high-altitude peak at the end of southern summer shows up at 60 km, with low ozone 411 
densities in the 3×106 - 2×107 molecules/cm3 range, before gaining intensity at the beginning of 412 
the martian year. The high-altitude peak in the south polar latitudes is more defined in season, and 413 
it is present for more than 60 % of the year, showing similarities in location with its counterpart in 414 
the north during the first half of southern fall. 415 

 416 

 
 
 

Figure 4. Vertical profiles of ozone as retrieved from ~27,000 spectra over the north polar latitudes 
(60 °N – 88.7 °N). This figure tracks the evolution of the vertical profile throughout an entire martian year 
at several seasonal bins. The gray dots represent the ozone density (molecules/cm3) as retrieved from each 
transmittance spectrum at the relevant tangent altitude (km). The black curve represents the average profile 
between 15 and 70 km altitude. The upper left, middle and right panels represent the vertical ozone profiles 
during the sub-seasonal bin Ls= 0 - 25°, Ls= 25 - 45°, and Ls= 45 - 120°, respectively. The lower left, middle 
and right panels represent the vertical ozone profiles during the sub-seasonal bin Ls= 120 – 210°, Ls= 210 
- 330°, and Ls= 330 – 360°, respectively. A high-altitude peak of ozone is detected over the north polar 
latitudes. 

 417 
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 418 
 419 
 420 
Figure 5. Vertical profiles of ozone as retrieved from ~33,000 retrievals over the south polar 421 

latitudes (60 °S – 83.4 °S). This figure tracks the evolution of the vertical profile throughout an entire 422 
martian year at several seasonal bins. The gray dots represent the ozone density (molecules/cm3) as retrieved 423 
from each transmittance spectrum at the relevant tangent altitude (km). The black curve represents the 424 
average profile between 15 and 70 km altitude. The upper left, middle and right panels represent the vertical 425 
ozone profiles during the sub-seasonal bin Ls= 0 - 25°, Ls= 25 - 45°, and Ls= 45 - 120°, respectively. The 426 
lower left, middle and right panels represent the vertical ozone profiles during the sub-seasonal bin Ls= 120 427 
– 280°, Ls= 180 - 330°, and Ls= 330 – 360°, respectively. A strong high-altitude peak of ozone is detected 428 
over the south polar latitudes. 429 
 430 
5.2 Latitudinal evolution of the high-altitude O3 peak in seasonal bands  431 
  432 

Figure 6 shows the latitudinal distribution of the retrieved vertical O3 abundance during 433 
four seasonal bands. The upper left plot shows this distribution around the beginning of northern 434 
spring at Ls= 0 ± 20°. The high-altitude peak of O3 is prominent in the northern hemisphere 435 
between latitudes 60 °N and ~85 °N, reaching densities on the order of 108 molecules/cm3 between 436 
altitudes 40 and 55 km, and has a counterpart in the southern hemisphere between latitudes 50 °S 437 
and ~85 °S, with similar ozone densities between 40 and 55 km altitude. In the north, the minimum 438 
in O3 between the high-altitude peak and the one near the surface shows abundances < 107 439 
molecules/cm3, showing a complete separation between the two, with an order of magnitude lower 440 
densities in the high-altitude peak compared to the surface one, whereas in the south this minimum 441 
between the two is filled between latitudes 70 °S and 80 °S. The high-altitude peaks disappear at 442 
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mid-latitudes in the south between 40 °S and 50 °S and in the north around 55 °N. The minimum 443 
in ozone abundances sets the boundaries between the high-altitude peaks at polar latitudes and an 444 
enhancement of ozone extending between the south (40 °S) and north (55 °N) of Mars. An 445 
enhancement in ozone abundance (~ 2×107 molecules/cm3) connects the lower atmosphere and 446 
altitudes up to 65 km between 0 °N and 40 °N.  447 

 448 
At the beginning of northern summer at Ls= 90 ± 20° (Fig. 6, upper right panel), the polar 449 

latitudes are not covered by UVIS, but a low-altitude enhancement of ozone is observed in the 25 450 
– 35 km altitude range with densities at the 109 molecules/cm3 level. No major high-altitude 451 
enhancement in ozone is observed within the UVIS coverage in the northern hemisphere below 452 
latitude 60 °N.  453 

 454 

 455 
 456 
 457 
Figure 6. Latitudinal distribution (90 °S to 90 °N) of the retrieved vertical O3 density 458 

(molecules/cm3) below 70 km altitude at 4 sub-seasonal bands. The results are shown after applying a two-459 
dimensional convolution of ∆latitude = 5° in the latitudinal dimension (x axis) and ∆z	= 3 km in the altitude 460 
dimension (y axis). The upper left panel shows the vertical distribution of ozone at the beginning of northern 461 
spring in the Ls range 340 - 20°. The upper right panel shows the vertical distribution of ozone at the 462 
beginning of northern summer in the Ls range 70 - 110°. The lower left panel shows the vertical distribution 463 
of ozone at the beginning of southern spring in the Ls range 160 – 200°. The lower right panel shows the 464 
vertical distribution of ozone at the beginning of southern summer in the Ls range 250 - 290°. 465 
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The high-altitude peaks of ozone show up again at high latitudes around southern spring at 466 
Ls= 180 ± 20° (Fig. 6, lower left panel). The peak in the south shows up between 55 °S and 70 °S 467 
in the altitude range 40 – 50 km, with ozone densities of 6-8 ×107 molecules/cm3, but does not 468 
persist between 70 °S and 85 °S. In contrast, the high-altitude peak of ozone in the north persists 469 
between 60 °N and 85 °N, and is located in the altitude ranges 45 - 55 km, 55 - 60 km, and 45 - 55 470 
km, at latitudes ranges 60 °N - 75 °N, 75 °N - 85 °N, and > 85 °N, respectively, with ozone densities 471 
in the upper 107 molecules/cm3.  472 

 473 
The polar latitudes were not covered by UVIS in the southern summer at Ls= 270 ± 20° 474 

(Fig. 6, lower right panel). In the covered latitudinal range, no distinct high-altitude peaks of ozone 475 
were observed, but an enhancement in ozone abundance (~ 108 molecules/cm3) is observed at high 476 
altitudes below 70 km in latitude range 30 °S – 55 °N. 477 

 478 
5.3 Seasonal evolution of the high-altitude O3 peak in latitude bands  479 
  480 

The seasonal distribution of the vertical abundance of ozone is shown in Figure 7. In the 481 
high latitude range 60 °N – 70 °N, the high-altitude peak of ozone is well observed during northern 482 
spring until Ls= 40°, with densities above 108 molecules/cm3.  483 

 484 

 485 
 486 
 487 
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Figure 7. Seasonal distribution (Ls = 0 - 360°) of the retrieved vertical O3 density (molecules/cm3) 488 
below 70 km altitude at 3 latitude bands. The results are shown after applying a two-dimensional 489 
convolution of ∆Ls = 5° in the seasonal dimension (x axis) and ∆z	= 3 km in the altitude dimension (y axis). 490 
The upper panel represents the vertical distribution of ozone at different the local time coverage at high 491 
northern latitudes between 60 °N and 70 °N. The middle panel represents the vertical distribution of ozone 492 
over a larger latitude band over the equator (30 °S to 30 °N) due to the low frequency of UVIS observations 493 
around the equator. The lower panel represents the vertical distribution of ozone at high southern latitudes 494 
between 60 °N and 70 °N where a strong high-altitude peak of ozone is observed. 495 

 496 
The enhancement of ozone around 40 km altitude fills the minimum in ozone between the 497 

high-altitude peak and the main ozone layer near the surface of Mars, making the high-altitude 498 
peak disappear between mid-northern spring (Ls > 40°) until mid-northern summer at ~ Ls = 130°. 499 
The high-altitude peak re-merges and lasts until the beginning of southern spring, but it is limited 500 
in its vertical extent (< 10 km) and intensity, with densities < 107 molecules/cm3. Throughout the 501 
rest of the martian year, the ozone is depleted at the altitudes of the high-altitude peak, before the 502 
re-appearance of the peak right before the end of northern winter at Ls = 355°. 503 

 504 
Due to the less frequent UVIS coverage of the equatorial regions, we combined the ozone 505 

distribution between 30 °S and 30 °N (Fig. 7, middle panel). There is no major presence of the 506 
high-altitude peak of ozone in around the equator throughout the entire martian year.  In contrast, 507 
a very well defined high-altitude peak of ozone is present over high-southern latitudes between 60 508 
°S and 70 °S (Fig. 7, lower panel), with maximum densities surpassing 108 molecules/cm3 in 509 
southern fall, and it remains throughout southern fall and winter, before completely disappearing 510 
for the rest of the martian year.     511 

 512 
5.4 The high-altitude O3 peak during sunrise/sunset occultations  513 
 514 

The coverage of the UVIS solar occultation observations provides a window into the 515 
evolution of the vertical distribution of ozone and yields important information on the efficiency 516 
of the photochemical production/destruction of high-altitude ozone (e.g., Lefèvre at al., 2004; 517 
Montmessin & Lefèvre, 2013; Daerden et al., 2019).  518 
 519 

By definition, the geometry of a solar occultation only allows observations at locations 520 
transitioning between daylight and night. Most of the time, these solar occultations are at either 521 
local sunrise or at sunset. Observations at sunrise observe the part of the atmosphere that has just 522 
emerged into sunlight after being in darkness during the night, while observations at sunset observe 523 
atmosphere that has been in sunlight all day. At polar latitudes the observations can also sample 524 
the transition between areas in polar night and daylight, or between areas with 24 hour daylight 525 
and night. In the figures described below, we plot retrieved ozone profiles as a function of local 526 
time to separate the cases of sunrise, sunset, and polar observations. However, there is no implied 527 
difference between observations at local times of 6:00 and 8:00 (for example), both are sunrise 528 
occultations. 529 

 530 
Figure 8 shows the vertical profile of ozone over the north polar latitudes during four 531 

seasons on Mars. During northern spring (Fig. 8, upper left panel), the north polar region is 532 
illuminated, and the high-altitude peak of ozone between 45 and 60 km altitude persists and 533 
maintains abundances > 108 molecules/cm3. During northern summer (Fig. 8, upper right panel), 534 
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the high-altitude peak of ozone is located between 50 and 60 km altitude, but with low abundances 535 
(6-8 ×107 molecules/cm3) compared to northern spring. The peak remains a distinct entity from 536 
the near surface enhancement of ozone. At southern spring and summer seasons (Fig. 8, lower left 537 
and right panels) when the north polar region is no longer illuminated by the sun, the high-altitude 538 
peak of ozone is observed between 40 and 55 km altitude with ozone abundances not exceeding 539 
108 molecules/cm3.  540 

 541 

 
 

Figure 8. Vertical distribution of the retrieved O3 abundance (molecules/cm3) below 70 km altitude 
at 4 seasons on Mars using sunrise and sunset occultations, over the north polar latitudes (60 °N – 90 °N). 
The results are shown after applying a two-dimensional convolution of ∆LT= 1 h in the local time 
dimension (x axis) and ∆z	= 3 km in the altitude dimension (y axis). The upper left and right panels represent 
the local time distribution of ozone during northern spring and summer seasons, respectively. The lower 
left and right panels represent the local time distribution of ozone during southern spring and summer 
seasons, respectively. The high-altitude peak of ozone is still observed during daytime.  

 542 
Over the south polar latitudes, the high-altitude peak of ozone persists during southern fall 543 

(Fig. 9, upper left panel). The vertical location is maintained between 40 and 60 km altitude, as 544 
well as the abundance (~ 5 ×108 molecules/cm3). The same pattern is observed around southern 545 
winter (Fig. 9, upper right panel), but with lower abundances of ozone in the high-altitude peak (< 546 
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108 molecules/cm3). The sunrise and sunset occultations both show the high-altitude peak of ozone, 547 
indicating that the peak could persist throughout the day. The high-altitude peak of ozone 548 
completely disappears during southern spring and winter (Fig. 9, lower panels) when the south 549 
polar regions are illuminated by the sun, showing a minimum in ozone in the altitude range 40 – 550 
60 km of the previously existing peak. Most of the atmospheric ozone is confined below 40 km 551 
altitude, higher than the 30 km altitude in the previous seasons.   552 

 553 

 554 
 555 
 556 
Figure 9. Vertical distribution of the retrieved O3 abundance (molecules/cm3) below 70 km altitude 557 

at 4 seasons on Mars, over the south polar latitudes (60 °S – 90 °S) using sunrise and sunset occultations. 558 
The results are shown after applying a two-dimensional convolution of ∆LT= 1 h in the local time 559 
dimension (x axis) and ∆z	= 3 km in the altitude dimension (y axis). The upper left and right panels represent 560 
the local time distribution of ozone during southern fall and winter seasons, respectively. The lower left 561 
and right panels represent the local time distribution of ozone during southern spring and summer seasons, 562 
respectively. The high-altitude peak of ozone is prominently observed during the southern fall and winter 563 
seasons.  564 

 565 
Figure 10 shows the vertical distribution of ozone from sunrise and sunset occultations in 566 

the mid-latitude range (30 °N – 60 °N). The high-altitude peak of ozone is almost non-existent, 567 
and the ozone abundances show an increase at high altitudes due to the decrease in the hygropause 568 
altitude at this time of the year (Clancy & Nair, 1996). 569 
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 570 
 571 

 572 
Figure 10. Vertical distribution of the retrieved O3 abundance (molecules/cm3) below 70 km 573 

altitude at 4 seasons on Mars, over the mid-latitudes in the north (30 °N – 60 °N) using sunrise and sunset 574 
occultations. The results are shown after applying a two-dimensional convolution of ∆LT= 1 h in the local 575 
time dimension (x axis) and ∆z	= 3 km in the altitude dimension (y axis). The upper left and right panels 576 
represent the local time distribution of ozone during northern spring and summer seasons, respectively. The 577 
lower left and right panels represent the local time distribution of ozone during southern spring and summer 578 
seasons, respectively. There is no clear presence of the high-altitude peak of ozone.  579 

 580 
During northern spring around mid-latitudes in the south (30 °S – 60 °S), the high-altitude 581 

peak of ozone is still observed (Fig. 11, upper left panel), but with low ozone abundances (< 108 582 
molecules/cm3), contrary to its counterpart in the north that is almost non-existent around this 583 
season. More ozone around 40 km is present in the sunset occultations, filling the minimum in 584 
ozone between the surface layer of zone and the high-altitude peak. The peak persists during 585 
southern winter (Fig. 11, upper right panel), but it becomes weak during sunrise occultations. 586 
During southern spring and summer seasons, the high-altitude peak shows no appearance in the 587 
solar occultations.  588 
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 589 
 590 

Figure 11. Vertical distribution of the retrieved O3 abundance (molecules/cm3) below 70 km 591 
altitude at 4 seasons on Mars, over the mid-latitudes in the south (30 °S – 60 °S) using sunrise and sunset 592 
occultations. The results are shown after applying a two-dimensional convolution of ∆LT= 1 h in the local 593 
time dimension (x axis) and ∆z	= 3 km in the altitude dimension (y axis). The upper left and right panels 594 
represent the local time distribution of ozone during southern fall and winter seasons, respectively. The 595 
lower left and right panels represent the local time distribution of ozone during southern spring and summer 596 
seasons, respectively. There is no clear presence of the high-altitude peak of ozone during southern spring 597 
and summer seasons. 598 
 599 
 600 

Due to the scarcity of observations around equatorial latitudes, the ozone distribution 601 
presented in Figure 12 shows results for latitudes between 30 °S and 30 °N. The high-altitude peak 602 
of ozone no longer exists independently at equatorial latitudes. During southern spring and summer 603 
(Fig. 12, lower panels), the ozone becomes depleted above 40 km in the sunset occultations. 604 
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 605 
 606 

Figure 12. Vertical distribution of the retrieved O3 abundance (molecules/cm3) below 70 km 607 
altitude at 4 seasons on Mars, over the equatorial latitudes (30 °S – 30 °N) using sunrise and sunset 608 
occultations. The results are shown after applying a two-dimensional convolution of ∆LT= 1 h in the local 609 
time dimension (x axis) and ∆z	= 3 km in the altitude dimension (y axis). The upper left and right panels 610 
represent the local time distribution of ozone during northern spring and summer seasons, respectively. The 611 
lower left and right panels represent the local time distribution of ozone during southern spring and summer 612 
seasons, respectively. There is no clear presence of the high-altitude peak of ozone. 613 
 614 
5.5 Evolution of the high-altitude O3 peak on the hemispheric scale 615 

 616 
The most complete picture of the vertical distribution of ozone over a full Mars year is 617 

presented in Figure 13, where its seasonal evolution is shown in both hemispheres. The high-618 
altitude peak in the northern hemisphere pertaining to latitudes > 50 °N is present until Ls = 40° 619 
(Fig. 13, upper panel). Later in the season the produced ozone from below 45 km altitude fills the 620 
minimum in ozone between the high-altitude layer and the surface layer until mid-northern 621 
summer at Ls = 130°. The high-altitude peak of ozone re-emerges again as a distinct layer until the 622 
end of northern summer. The peak over high latitudes completely disappears throughout northern 623 
fall and most of winter before forming again at Ls = 340°.  624 

 625 
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 626 
 627 
Figure 13. Seasonal distribution of the retrieved vertical O3 abundance (molecules/cm3) in the 628 

northern (upper panel) and southern (lower panel) hemispheres. The results are shown after applying a two-629 
dimensional convolution of ∆Ls= 5 ° in the local time dimension (x axis) and ∆z	= 3 km in the altitude 630 
dimension (y axis). The high-altitude peaks of ozone are visible in both hemispheres during northern spring 631 
(southern fall). 632 

 633 
The high-altitude ozone peak is more prominent in the southern hemisphere (Fig. 13. 634 

Lower panel), and is mostly attributed to latitudes poleward of 60 °S. This layer maintains altitude 635 
and intensity throughout southern fall and winter seasons until Ls = 170°. The enhancement in the 636 
ozone abundance around Ls = 50°, 90° and 120° in the altitude range 30 – 40 km is mostly 637 
attributed to the low latitudes in the south. The high-altitude peak of ozone in the southern 638 
hemisphere completely disappears throughout the rest of the martian year, leaving the atmosphere 639 
depleted of ozone above 40 km altitude over the high latitudes in the southern hemisphere. 640 
 641 
 5.6 Comparisons with the GEM model results 642 
 643 

The vertical distribution of ozone as a function of latitude in seasonal bands as modeled by 644 
GEM-Mars is shown in Figure 14. To allow a one-to-one comparison with the UVIS retrievals, 645 
the GEM-Mars O3 abundance values are given at the same altitude, longitude, latitude, local time 646 
and Ls at each UVIS observation. During the beginning of northern spring (Fig. 14, upper left 647 
panel), the GEM-Mars results very well reproduce the general behavior of ozone in the atmosphere 648 
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as observed by the UVIS retrievals, especially with the enhancement of ozone above 35 km. The 649 
main difference is that GEM predicts large amounts of ozone over the entire 35 and 55 km altitude 650 
range, with values in the 5 ×107 – 2 ×108 molecules/cm3 range at polar latitudes. In contrast, the 651 
values from UVIS retrievals show similar abundance values of a few times 108 molecules/cm3 but 652 
over a smaller vertical range in the atmosphere between altitudes 40 and 53 km. This can be 653 
explained by deviations of the simulated water vapor profile (Aoki et al., 2019) mostly caused by 654 
the simple treatment of water ice clouds in GEM-Mars. In Aoki et al. (2019), Fig. 8c, it is shown 655 
that GEM-Mars underestimates the water vapor abundances at the locations of the high-altitude 656 
ozone peak, causing the model to form more ozone than observed. 657 

 658 
Around the beginning of northern summer at Ls = 90 ± 20° (Fig. 14, upper right panel), the 659 

high ozone abundances below 40 km altitude over the mid-latitudes in the south are in good 660 
agreement with the UVIS retrievals. However, GEM-Mars predicts a distinct high-altitude peak of 661 
O3 between 40 and 50 km, with a minimum in ozone between 20 and 40 km altitude over the mid-662 
latitudes in the north, whereas UVIS retrievals show a continuous enhancement in the ozone 663 
abundances beginning at 60 km altitude and gradually decreasing with height. As was shown and 664 
discussed in Daerden et al. (2019), the current GEM model simulates higher water abundances 665 
than observed in the aphelion season because of the presence of the aphelion cloud belt and 666 
imperfectly simulated cloud radiative effects (e.g. Daerden et al., 2019, Figs. 15, 16 and 28). The 667 
excess in water vapor between Ls= 60 and 100° shown in Fig. 15 in Daerden et al. (2019) can be 668 
considered as the direct cause of the low ozone abundances shown in Fig. 14, upper right panel. 669 
Indeed the impact of water vapor abundances on ozone is very strong and immediate (Lefèvre et 670 
al., 2004; Daerden et al., 2019). 671 

 672 
The extent and magnitude of the high-altitude enhancement of ozone at polar latitudes in 673 

the north and south are repeated in the GEM-Mars results around the beginning of southern spring 674 
at Ls = 160 ± 200° (Fig. 14, lower left panel). The general behavior of vertical ozone with the high-675 
altitude peak is well reproduced, but the GEM results show average abundances around 108 676 
molecules/cm3, peaking in the 40 - 45 km altitude range whereas UVIS retrievals have lower 677 
abundance of around 5 ×107 molecules/cm3, peaking around 50 and 55 km altitudes. The 678 
explanation is very similar to before, i.e. resulting from the low water abundances in GEM-Mars 679 
compared to NOMAD water observations (Aoki et al., 2019, Fig. 6a) at the location of the ozone 680 
peak. 681 

 682 
Interestingly, the GEM-Mars results show depleted ozone abundance values over 25 km 683 

altitude around the beginning of southern summer at Ls = 250 ± 290 ° (Fig. 14, lower right panel), 684 
and a slight enhancement in ozone between 45 and 55 km altitude around 60 °N. UVIS retrievals 685 
show an enhancement of ozone between 40 and 60 km over the mid-northern latitudes, with 686 
abundances > 108 molecules/cm3. The simulated depletion is a result of excessive water vapor 687 
simulated in the 25-50 km altitude range at southern altitudes in this season (Aoki et al., 2019, Fig. 688 
6e). 689 

 690 
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 691 
 692 
Figure 14. GEM-Mars model simulation of ozone vertical abundance averaged over the altitudes, 693 

latitudes, longitudes, Ls and local times observed by UVIS. The results are shown after applying the same 694 
two-dimensional convolution of ∆latitude = 5° in the latitudinal dimension (x axis) and ∆z	= 3 km in the 695 
altitude dimension (y axis) as the ones in Figure 6 where UVIS retrievals are shown. The upper left panel 696 
shows the GEM vertical distribution of ozone around the beginning of northern spring in the Ls range 340 697 
- 20°. The upper right panel shows the GEM vertical distribution of ozone at the beginning of northern 698 
summer in the Ls range 70 - 110°. The lower left panel shows the GEM vertical distribution of ozone at the 699 
beginning of southern spring in the Ls range 160 – 200°. The lower right panel shows the GEM-Mars 700 
vertical distribution of ozone at the beginning of southern summer in the Ls range 250 - 290°. 701 
 702 

The full seasonal distribution of the vertical abundance of ozone using GEM-Mars 703 
simulations in the northern and southern hemispheres is shown in Figure 15. In the northern 704 
hemisphere (upper panel), the high-altitude ozone peak is well described in the GEM-Mars 705 
simulations, especially during northern summer. The ozone enhancement above the minimum at 706 
35 km altitude between Ls = 0 and 10°, as well as between 40 and 45 km altitude between Ls = 60 707 
and 70°, both in abundance and location. The high-altitude abundances of ozone below 55 km are 708 
also well in agreement with the UVIS retrievals during northern summer, but a difference between 709 
GEM-Mars and UVIS retrievals is observed between 20 and 30 km altitude between Ls = 80 and 710 
140°, showing a depletion in the O3 abundances in the GEM-Mars results.  711 
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 712 
 713 

 714 
Figure 15. GEM-Mars model simulations of the seasonal distribution of the retrieved vertical O3 715 

abundance (molecules/cm3) averaged over the altitudes, latitudes, longitudes, Ls and local times observed 716 
by UVIS in the northern (upper panel) and southern (lower panel) hemispheres. The results are shown after 717 
applying similar two-dimensional convolution of ∆Ls= 5 ° in the local time dimension (x axis) and ∆z	= 3 718 
km in the altitude dimension (y axis) as the ones in Figure 13 where UVIS retrievals are shown.  719 
 720 

This readily results from issues with the simulation of water vapor abundances in the 721 
aphelion season, related to radiative effects of clouds in the aphelion cloud belt, as was extensively 722 
discussed in Daerden et al. (2019). The high-altitude peak between Ls = 160 and 170° is well 723 
reproduced by GEM-Mars, but it presents higher abundances peaking at 8 ×108 molecules/cm3, 724 
exceeding ~ 8 times the peak values by the UVIS retrievals. This is related to the low water vapor 725 
abundances simulated in GEM in the higher altitudes/high latitude regions, as shown in Daerden 726 
et al. (2019) and Aoki et al. (2019). The GEM-Mars simulations predict high-altitudes peaks in O3 727 
abundances around Ls = 220° and between Ls = 280° and 360° with various abundances and 728 
vertical extents. However, the UVIS retrievals did not detect similar isolated peaks, and that could 729 
be attributed to the effect of the global dust storm within that period of the martian year during the 730 
MY 34 (e.g., Guzewich et al., 2018; Smith et al., 2019). Dedicated simulations for the global dust 731 
storm were presented in Neary et al. (2020). The high-altitude peak seen by UVIS at Ls = 350° 732 
between the 40 and 50 km altitude is well produced by GEM-Mars, but with ~ 5 times higher O3 733 
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abundances compared to UVIS, again as a result of the low water vapor abundances simulated at 734 
high altitude/high latitudes (Daerden et al., 2019; Aoki et al., 2019).  735 

 736 
In the southern hemisphere (Fig. 15, lower panel), the key features in the high-altitude peak 737 

of ozone are well depicted in the GEM-Mars results, notably around Ls = 20°, 65° and 130°. In 738 
particular, the peak location in the altitude range 40 – 50 km throughout southern fall and winter 739 
is consistent with the UVIS retrievals. The high-altitude peak in the south polar latitudes is more 740 
prominent compared to its counterpart in the north and it persists for over two seasons on Mars, 741 
something that is well reproduced in the GEM-Mars simulations. However, the GEM-Mars results 742 
again predict higher ozone abundance in the high-altitude peak that are as much as 5 times larger 743 
than the retrieved abundances by UVIS. GEM predicts a high-altitude peak between Ls = 180 and 744 
200° that is not observed with UVIS. In the southern summer at ~ Ls = 340°, an enhancement of 745 
ozone at about 20 km is observed in both the UVIS and the GEM-Mars results, but GEM-Mars 746 
produced a high-altitude peak between ~ Ls = 340 and 360° that is not found in the UVIS retrievals. 747 
As for the northern observations, the differences in the GEM-Mars simulations with the data can 748 
here also be attributed to biases in the simulated water vapor abundances, as shown and discussed 749 
before (Daerden et al., 2019; Aoki et al., 2019). 750 
 751 
6.  Discussion and summary  752 

 753 
The stellar occultations by SPICAM (Lebonnois et al., 2006) provided nighttime vertical 754 

profiles of ozone between spring equinox and winter solstice. The observations, when combined 755 
with theoretical studies (Montmessin and Lefèvre, 2013) to cover polar regions, reported the 756 
presence of an elevated layer of ozone between 40 and 60 km in altitude in the southern polar 757 
night, repeatedly observed during three Mars years. This layer is predicted to appear essentially 758 
during the night when ozone is formed, before being rapidly photolyzed after sunrise (Montmessin 759 
et al., 2013; 2017). However, retrievals using UVIS solar occultations shown here have detected 760 
the strong presence of a high-altitude layer of ozone in the same altitude range (Figure 9, upper 761 
panels). UVIS shows a similar pattern in the ozone abundance and peak location in the sunrise and 762 
sunset occultations. Indeed, the high-altitude peak in the south polar region persisted throughout 763 
the entire southern fall and winter seasons, with a slight decrease in intensity during southern 764 
winter, before completely disappearing for the rest of the year and re-emerging at ~ Ls =330° (Fig. 765 
5, lower right panel). 766 

 767 
General circulations models (Montmessin et al., 2013) attribute the formation of the 768 

nocturnal layer to the large-scale transport of oxygen in the martian atmosphere from mid-latitude 769 
regions illuminated by solar flux to the polar regions where oxygen atoms recombine at night to 770 
form ozone in the high-altitude layer. SPICAM provided observations in the north polar region 771 
during northern autumn and winter (Ls = 180 - 360°) but could not identify a pronounced high-772 
altitude layer, a conclusion shared by the GCM model for the north polar latitudes. As a result, 773 
Montmessin et al. (2013) concluded that the aforementioned large-scale transport of oxygen is less 774 
efficient in the north, and that the destruction of ozone through reactions with hydrogen radicals 775 
is ∼100 times stronger above the northern winter pole compared to its southern counterpart, ruling 776 
out the formation of a secondary layer of ozone in the north polar regions. However, the more 777 
complete coverage provided by UVIS indicates that the formation of a high-altitude ozone layer 778 
in the north polar regions does occur at the end of northern winter at Ls =  330° (Fig. 4, lower right 779 
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panel, and Fig. 8, lower right panel), lasting until mid-northern spring at Ls = 45° (Fig. 4, upper 780 
left and middle panels, and Fig. 8, upper left panel), but its magnitude and seasonal extent are 781 
smaller compared to their counterparts in the south.  782 
 783 

In summary, the UVIS spectrometer onboard TGO provided ~ 4100 solar occultation 784 
profiles of the atmosphere of Mars covering a full Mars year between MY 34 at Ls = 163° on April 785 
21, 2018, and MY 35 on March 9, 2020. UVIS retrievals provide the most complete vertical O3 786 
mapping ever produced, describing the seasonal, spatial and local time distribution of ozone in 787 
detail.   788 
 789 

UVIS retrievals reveal the presence of a high-altitude peak of ozone between 40 and 60 km 790 
in altitude over the north polar latitudes for over 45 % of the martian year, particularly during mid-791 
northern spring, late northern summer-early southern spring, and late southern summer. UVIS also 792 
detected the presence of a second high-altitude peak in the south polar latitudes, lasting for over 793 
60 % of the year including southern autumn and winter. The evolution of the high-altitude O3 peak 794 
on the hemispheric scale shows that it is more prominent in the south and is mostly confined to 795 
latitudes poleward of 60 °S. This high-altitude peak shows similarities in location during the first 796 
half of southern fall and the second half of southern winter with its counterpart over the north polar 797 
latitudes. Local time distribution of the retrieved vertical profiles of O3 show that the high-altitude 798 
peaks in the north and south polar regions show a lack of variability in magnitude and location 799 
with respect to the variations in the local time. In contrast, no high-altitude peak of ozone was 800 
observed at equatorial latitudes at any time throughout the martian year. 801 
 802 

Given how complicated it is to model the vertical distribution of ozone, the GEM-Mars 803 
model results are able to very well reproduce the general behavior of the high-altitude peak of 804 
ozone when compared to the UVIS O3 retrievals. In particular, the GEM-Mars predicts the 805 
presence of high-altitude peaks of ozone at polar latitudes around the beginning of northern spring 806 
and autumn and at the same altitudes observed by UVIS retrievals. In addition, the GEM-Mars 807 
model results accurately predict that the high-altitude peak in the south polar latitudes is more 808 
prominent compared to its counterpart in the north and that it persists for more than two seasons 809 
on Mars. Differences include higher GEM-Mars ozone abundance in the high-altitude peaks, 810 
reaching a factor of 5 in some occasions, leading to a larger vertical extent in the atmosphere than 811 
what is observed by UVIS. GEM-Mars also predicts the presence of a high-altitude peak of ozone 812 
around northern summer between latitudes 30 and 60 °N that is not observed as an independent 813 
layer by UVIS. 814 

 815 
We demonstrated that all the differences between GEM-Mars and the observations can be 816 

attributed to under-or overestimates of water vapor abundances in the model, which were already 817 
presented and discussed in previous works (Daerden et al., 2019; Aoki et al., 2019). The strong 818 
anti-correlation between ozone and water vapor caused by the action of HOx chemistry resulting 819 
from water vapor photolysis, can then readily explain the biased in ozone. Improvements in the 820 
simulation of the water cycle envisaged in the GEM-Mars model may improve the simulation of 821 
water vapor profiles in the future and improve the comparisons with the ozone profiles presented 822 
here. 823 
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1. An intercomparison with the ozone vertical profiles retrieved by the Open University 28 

We here report intercomparisons between the results of this work and a parallel study 29 

performed using the same observations from the NOMAD/UVIS instrument (Patel et al, this 30 

issue). The two studies use a similar spectral inversion technique to convert the spectral 31 

transmittance of the Hartley band into number densities of ozone at the respective tangent 32 

altitudes. To allow a one-to-one comparison between the two UVIS retrievals, the ozone 33 

abundances are interpolated at the same tangent altitude, longitude and latitude.  34 

The seasonal distribution of the vertical abundance of ozone in the northern hemisphere 35 

is shown in Figure S1. The ozone enhancement in the 45 - 55 km altitude range between Ls = 36 

0 and 10°, Ls = 30 and 45°, Ls = 55 and 70° is well observed in this work (GSFC retrievals, 37 

Figure S1, upper panel) and the parallel study by the Open University (OU retrievals, Figure 38 

S1, lower panel). The high-altitude abundances of ozone between 45 and 60 km are well 39 

reproduced in both studies during northern summer and early southern spring (Ls = 130 and 40 

190°). The high-altitude peak seen at Ls = 350° between the 40 and 50 km altitude is well 41 

depicted in both studies.  42 

In the southern hemisphere (Figure S2), the general behavior of ozone and the key 43 

features of the high-altitude peak of ozone from both retrievals are almost identical. Notably, 44 

the more prominent ozone peak compared to its counterpart in the north in the altitude range 45 

40 – 55 km is consistent between the two studies and it persists throughout southern fall and 46 

winter (Ls = 0 - 170°). A minor difference appears between Ls = 110 and 140° where slightly 47 

lower ozone abundances (within 10% ) from the OU retrievals (Figure S2, lower panel) are 48 

observed compared to the UVIS retrievals in the current study (Figure S2, upper panel).  49 

The intercomparison between this work and the parallel study indicates good quality of the 50 

retrieved profiles, which validates the retrieval approach and the presented results.  51 
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 60 
 61 
Figure S1: Seasonal distribution of the retrieved vertical O3 abundance (molecules/cm3) in the 62 
northern hemisphere from UVIS retrievals as presented in this work (GSFC, upper panel) and 63 
the Open University (OU, lower panel). The results are shown after applying a two-dimensional 64 
convolution of ∆Ls= 5 ° in the local time dimension (x axis) and ∆z	= 3 km in the altitude 65 
dimension (y axis). The high-altitude peaks of ozone are visible during northern spring and 66 
summer (southern fall and winter). 67 
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 69 
 70 
Figure S2: Seasonal distribution of the retrieved vertical O3 abundance (molecules/cm3) in the 71 
southern hemisphere from UVIS retrievals as presented in this work (GSFC, upper panel) and 72 
the Open University (OU, lower panel). The results are shown after applying a two-dimensional 73 
convolution of ∆Ls= 5 ° in the local time dimension (x axis) and ∆z	= 3 km in the altitude 74 
dimension (y axis). The high-altitude peaks of ozone are visible during northern spring and 75 
mid-summer seasons (southern fall and mid-southern winter). 76 
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